Introduction 44
Agricultural production is driven by economics and the demand to deliver maximum 45 potential yield: this is often to the detriment of the environment and impacts negatively on This is in part because many existing farm management practices are not currently designed 55 to deliver multiple ES, and do not account for the large spatial and temporal heterogeneity in 56 landscape characteristics underpining ES delivery (Bennett et al. 2009; 2015; Qui and Turner, 57 2013) . Services Cascade as a conceptual framework to integrate sustainable P management with key 64 ES processes and functions from soil to large river basin scale. Holistic approaches to farm 65 nutrient management have recently been adopted to provide a greater focus on multiple ES. 66
For instance, the fertilizer industry has adopted the 4R Nutrient Stewardship Strategy (Right 67 Rate, Right Time, Right Place and Right Form) to promote more efficient use of fertilizer and 68 reduce field-scale nutrient export to water (Bruulsema et al. 2009 ). In Europe, a 5R approach 69 to sustainable P management has also been promoted (Re-align P inputs; Reduce P loss to 70 water; Recycle P; Recover P in wastes; and Redefine P in food systems) that embraces both 71 field-scale and wider regional P stewardship to reduce dependency on finite reserves of P-72 rock, and negative impacts on the environment (Withers et al. 2015) . These approaches are 73 moving from a paradigm of simply managing nutrient inputs for crop production to one that 74 considers the sustainable use of resources for other ES. 75 76 Despite this change in emphasis, the majority of P management decisions remain largely 77 focused on agricultural production because this drives profitability and livelihoods. For 78 example, the build-up and maintenance of critical levels of soil P fertility remains the 79 cornerstone of fertilizer recommendation systems to optimise crop yield and quality across 80 the world (Syers et al. 2008 ). In addition, a range of different and largely historic soil P 81 testing procedures (soil test P, STP), which were developed and calibrated to crop yield 82 response, continue to be used to characterise soil P fertility and guide on-farm P use across 83 widely differing landscapes (Jordan-Meille et al. 2012). However, soil P fertility also has a 84 major impact upon ES other than food provision raising potential conflicts in ES delivery. 85
For example, critical STP concentration thresholds in soils have been set at an elevated 86 'insurance' level to overcome shortfalls in soil P supply caused by landscape heterogeneity, 87 leading to accelerated P transport in land runoff causing eutrophication and loss of ES related 88 to water function (e.g., Fischer et al. 2017; Withers et al. 2014 ). Additional drivers for 89 'insurance' levels include maintaining soil P fertility to prevent the likelihood of crop 90 limitation and to 'bank' P in soil as a buffer against potential variability in global chemical P 91 fertilizer prices. However, environmental concerns over water quality and biodiversity are 92 drawing attention to the need for more precise management of soil P fertility. Managing STP 93 for a wider range of ES will require a common metric to facilitate the prioritisation and trade-94 Site heterogeneity in the relationship between STP and the delivery of ES 121
Crop yield 122
The relationship between STP and crop yield is usually described by a rapid increase in yield 123 with modest increases in STP concentration, followed by a plateau in yield as STP 124 concentrations further increase ( Fig. 1 and 2 
P retention (water quality proxy) 139
The potential for P loss from land to fresh water (via surface runoff or sub-surface flow) 140 increases linearly, or exponentially, with increasing STP concentration (Fig. 4) . The 141 relationship between soil P and P loss in runoff is a function of a soils ability to retain P, as 142 determimed by its geochemical, biological and hydrological characteristics (Kleinman, 2017). 143
For example, significant variation in P retention occurs due to differences in soil Al-and Fe-144 oxide concentrations, organic matter, pH, texture and redox potential in soil (e.g. Severely impoverished ecosystems are characterised as having low biodiversity, which 165 increases rapidly toward a plateau as soil P accumulates, beyond which biodiversity declines 166 as more dominant species prevail ( Fig. 1) . For example, higher clover content in grass swards 167 increases biodiversity and provides a crop quality response through improved protein 168 concentration in the forage (Fig. 2) . The precise relationship between STP level and species 169 biodiversity is likely to vary depending on the particular plant species required. Ceulemans et al. (2014) examined the impact of soil P fertility on grassland biodiversity at 501 sites across 171 Europe, and found that plant species richness was negatively correlated with STP (Olsen P) 172 concentration. They observed a similar relationship between STP concentration, measured as 173
Olsen P, and species richness in three categories of grassland: lowland hay meadows, 174 calcareous grasslands and Nardus grasslands. However, the STP concentration (Olsen P) at 175 which there was no further decline in species richness varied, with species richness stabilising 176 at 12.5 species quatrat -1 at a STP concentration of 105 mg kg -1 in the Nardus grassland; 17. 
Soil C-sequestration 206
The P retention capacity of the soil, as discussed in section 2.2, can be considered a limiting 207 factor for C-sequestration, where continued application of C-rich biosolids or manures is 208 prohibited because of the increase in STP and greater risk of P loss to water. However, the 209 relationship between STP and C-sequestration is more complex that just an environmental STP 210 threshold limiting the application of C-sources. In general, the addition of P and nitrogen 211 fertilizer to low P soils increases C-sequestration through enhanced crop production and return 212 of P-rich biomass to the soil (Jones and Donnelly, 2004). The increase in C-sequestration is 213 accelerated when transitioning from a cropping system that removes most plant biomass to one 214 that removes a smaller portion and/or boosts yield. obtaining this information on a farm-by-farm basis is not realistic, and a more pragmatic metric 236 to assess the economic trade-off of ES related to soil fertility management is required. One 237 such metric is the opportunity cost ( i.e the benefits a farmer misses out on when choosing one 238 option over another) of delivering a specific ES when compared to the potential profit ( $ ha -1 ) 239 for food production from the same area of land. In relation to nutrient management, a key and 240 well established concept and tool for guiding fertilizer input costs for maximum crop yield is 241 the economic optimum ( i.e the yield at which further inputs to the system does not increase the 242 $ ha -1 profit a farmer will achieve) (e.g. peaking at a hypothetical optimum or threshold STP concentration. In addition, Fig. 1 presents 253 a theoretical profit curve i.e $ ha -1 profit per unit increase in STP that a farmer can achieve. 254 This is calculated based on the additional profit a farmer can achieve when taking into account 255 the cost of inputs (e.g fertilizer, lime, transport etc) and resulting commodity prices a farmer 256 will receive post-harvest (note: while the curve types presented in Fig. 1 are based on current 257 understanding of the relationship between STP and each ES, the characteristics of these curves 258
i.e. slope, magnitude, maximum etc, and position relative to the profit curve is hypothetical and 259 will vary based on the factors outlined in section 2). For example in a livestock grazing system, 260 restriction on manure application above a certain STP threshold, will result in a reduction in 261 profits due to the requirement to transport manure off-farm to another location. This profit 262 curve will be farm specific and vary depending on inter alia crop, soil, farm type and intensity. 263
By locating the optimum STP, for the delivery of a specific ES, on the profit curve, the 264 opportunity cost to the farmer can be estimated. While this does not provide the TEV of 265 delivering a specific ES, it does provide a suitable common unit of measure to faciliate 266 comparison and trade-offs between ES delivery across spatial ($ ha -1 ) and temporal ($ ha -1 yr -267 intensity, farm inputs, landscape characteristics, legacy soil P and seasonal influences on the 271 interactions between soil, crop and environment; there is a research need to model such 272 interactions across spatio-temporal scales. 273
274
An example, depicted in Fig. 2 shows long-term fertilizer field trial data under irrigation for 275 pasture production at Winchmore, mid-Canterbury, New Zealand. A grassland case-study was 276 selected as it incorporates data for the delivery of our four key ES impacted by soil P fertility. 277
The trial was located on a Lismore stony silt loam soil; mean annual rainfall of 745 mm (Smith 278 et al. 2012 ). After normalising the indicators a farmer may set an objective in STP 279 concentration to achieve 98% of relative yield (often seen as an agronomic optimum), which 280 equates to an STP concentration of 20 mg kg -1 or greater (Fig. 2) . Whereas a STP concentration 281 of approximately 15 mg kg -1 or less may be considered the STP target for meeting water quality 282 objectives. No profit curve is available for the study in Fig. 2 , so instead, by away of example, 283
if the values of 20 mg kg -1 and 15 mg kg -1 are extrapolated from the x-axis to hypothetical 284 profit curve in Fig. 1 , the 5 mg kg -1 reduction in STP would result in an approximately a 28% 285 reduction in $ ha -1 the farmer can achieve. In this example, similar trade-offs can be made for 286 % carbon and % clover (as proxy for biodiversity in this particular pasture based system) and 287 the resulting opportunity costs traded between stakeholders or payments made to farmers to 288 incentivise or compensate for reductions in profit margins. Note that, in this example, clover 289 (comprising white, Montgomery red and subterranean species -Mt. Barker and Tallarook) was 290 selected as a surrogate for desired species, which supports nitrogen-fixation, and increased 291 ryegrass production.
The conceptural model proposed in this paper is applicable to all 292 cropping systems and is also inclusive of extensive enterprises. Of note is that differing crop 293 species will have different STP requirements, and the STP concentration appropriate for 294 multiple ES delivery will be depend on the species being cultivated or the management regime 295 being implemented. 296 297
Barriers and actions for change 298
Implementing an economic optimum approach to STP mamagement, that optimises the 299 delivery of multiple ES, will require significant changes to current soil sampling and testing 300 procedures, interpretation guidance, and management of inorganic and organic P inputs. 301
Many of the barriers and actions required to meet a desired outcome are listed in Table 1 intricately linked and consequently many on-farm practices need to be modified to take 365 account of the spatial and temporal variability in soil and landscape characteristics that define 366 which suite of ES are best delivered in different land parcels. 367
More research on the measurement of ES indicators and soil testing protocols for STP 369 measurement will improve their accuracy and precision. However, due to spatial and 370 temporal variation, advice on current tests and indicators needs to be calibrated at a local (e.g. 371 on a field-by-field basis) or regional scale (e.g. on a watershed level) and over a long-enough 372 time period so that relationships between ES and STP measurements become statistically Individual studies with good data resolution enable the determination of the economic optimum 388 STP for the delivery of each ES, but only over a limited range of conditions. In order to 389 implement this approach to P fertility management, the relationships between ES, STP and $ 390 ha -1 , need to be transferred over a wide geographical area, and on to farms where data 391 availability, resources and logistics constrain the direct valuation of ES on a site-specific basis.
interactions in soils, the numerous factors affecting these dynamics, and their relationship to 394 ES delivery are generally poorly developed and disjointed (Vereecken et al. 2016 ). Detailed 395 mechanistic mathematical models are being developed to help refine fertilizer P inputs (e.g., 396
Heppell et al. 2016), and more simplified one/two soil P compartment models have been used 397 to predict residual soil P supply (e.g., Sattari et al. 2012 ), but these models currently lack the 398 capability to include synergistic P capture afforded by innate plant P mechanisms for 399 mobilising soil P or sequestering C (Mollier et al. 2008 ). If an STP economic optimum 400 approach to the management of ES is to be implemented, further progress in biophysical 401 modelling of soil P dynamics is urgently needed to inform this implementation across diverse 402 landscapes. 403 404
Conclusions 405
National and international strategies have established ambitious objectives for the delivery of 406 multiple ES within the context of agriculture against a backdrop of sustainable 407 intensification. However, the practicality of balancing the trade-offs between these ES at the 408 farm-scale has not yet been adequately addressed. While this paper has focused on P fertility 409 management, we acknowledge that a wide range of farm practices and biophysical variables 410 are involved in the delivery of multiple ES in agricultural systems. Changes to many other 411 farm practices, that influence the delivery of ES, also warrant attention. Although soil P 412 fertility is only one contributing factor in ES delivery, effective nutrient management is 413 integral to the success of such strategies and sustainable farming. However, there is currently 414 no operational framework in place to manage P fertility for multiple ES and to identify the 415 costs of potentially sacrificing crop yield and/or quality. We propose the use of an economic 416 optimum approach to P fertility management by which different ES can be assessed and 417 traded against one another. This approach facilitates the monetisation of ES strategy at the 418 farm-scale through evaluation of their impact on farm profits. The approach accounts for 419 both local level variation in biophysical varaibles, and farm performance, to ensure temporal 420 robustness. This can then be benchmarked against regional or national strategy to facilitate 421 stakeholder engagement and negotiations. A key step in the adoption of our conceptual 422 framework into policy is to produce and collate datasets, and case-study examples that 423 demonstrate the curves depicted in Fig. 1 over a and open symbols barley). Over 50% of sites require less than the recommended STP for 767 optimum yield, reflecting the current insurance-based approach to soil P fertility management. 768 (Index 0 to 3 represents soil classification indices based on Olsen P as follows: Index 0: 0-9 769 mg l -1 ; Index 1: 10-15 mg l -1 ; Index 2 (2-and 2+): 16-25 mg l -1 ; Index 3: 26-45 mg l -1 ). The 770 currently recommended range in the UK is Index 2. 771  Change from agronomic optimum to economic optimum approach (e.g lower critical STP levels)  Generate data to support nutrient decisions for delivery of ES other than crop productivity  Precision based fertilizer recommendations moving beyond current 'insurance-based' approaches On-farm decision support tools deliver improved precision in optimizing nutrient inputs for ES delivery Fertilizer Source  Historic preference for using inorganic fertilisers for yield response  Lack of confidence in nutrient value of different bioresources  Lack of data on effect of fertilizer source on ES delivery  Identify appropriate fertilizer sources to match ES delivery (e.g. bioresources for C-sequestration)  Develop improved database on bioresource bioavailability (e.g. struvite)  Develop tools to assess temporal variability in bioresource nutrient bioavailability  Optimize fertilizer advice based on profit ha -1 Use of recycled and recovered P optimized and improved prediction of source bioavailability for different ES functions Fertilizer Placement/Timing  Timing of P inputs not geared to critical source areas (e.g. single application timing)  Lack of data on effect of source timing on other ES  Farming infrastructure not geared to precision targeting of P (e.g. placement)
 Advance precision farming technologies (e.g. to support variable rate application as routine)  Develop decision support technologies to provide farmers with real time information on soil and crop nutrient supply  Improve nutrient use efficiencies and profit ha -1 Targeted P application to optimize P use efficiency to improve yield and reduce risk of P loss to water 38 Crop type  Crop type used only for P inputs to match crop P offtake  Varietal variation in soil P acquisition and utilization efficiency largely unexplored  Lack of data on crop rotation sequences to optimize ES delivery  Explore impact of soil-crop-fertilizer interactions on ES delivery (e.g. optimizing rhizosphere processes)  Identify P efficient varieties as part of agroengineering Guidelines on crop type and crop rotation design for optimizing delivery of different ES
